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N avigation by path integration has been demonstrated in species as diverse as ants, homing pigeons and humans. In a recent study of olfactory effects on path integration in young homing pigeons, we showed that birds deprived of odors during displacement to nearby release sites were disoriented, while those exposed to natural odors, or to artificial/novel odors, were homeward oriented. These findings show that olfactory input activates non-olfactory path integration systems and, in the absence of olfactory stimulation, cues normally used by young pigeons for path integration, failed to produce homeward orientation. Interestingly, in humans, olfactory dysfunction is frequently observed in patients in the early stages of Alzheimer disease (AD). A large portion of early AD patients also exhibit a specific failure of path integration ability, including a deficit in perception of radial optic flow cues necessary for accurate heading determination ("motion blindness"). Here we suggest that loss of olfactory activation of path integrations systems could explain the navigational impairment in the early stages of Alzheimer disease patients. Moreover, we propose that odor exposures, similar to experiments carried out with pigeons, provide a powerful noninvasive technique to determine whether deficits on olfactory activation play a significant role in this debilitating disease.
Olfaction plays many well established roles in vertebrate sensory perception, including recognition of conspecifics, avoidance of predators, location and assessment of food resources, and activation of the storage and recall of episodic memory.
1,2 Less well understood is the role of odors in vertebrate navigation. 3 In vertebrates as diverse as birds and sea turtles, olfactory cues have been hypothesized to provide an important source of navigational map information. Large body of experiments, most carried out with homing pigeons, have shown that olfactory deprivation causes decreases in the accuracy of homing orientation and/or homing success.
In a recent study, we investigated the effects of olfactory exposure during displacement to release sites on the homing orientation of young pigeons. 3 Young, inexperienced pigeons have been shown to rely on information obtained during displacement (i.e., path integration) to determine the home direction. 4, 5 Consistent with findings from other researchers, young birds deprived of olfactory information during displacement were disoriented. In contrast, birds exposed to natural odors, or to artificial/novel odors (presented in a manner that could not provide navigational information 3 ), were homeward oriented, demonstrating that the role of olfactory input on the homing systems of young pigeons is activational, rather than a navigational. When deprived of olfactory input, pigeons apparently did not integrate correctly a variety of other non-olfactory cues (e.g., directional information from familiar landmarks, magnetic and sun compasses), which they have been shown to use for path integration in other contexts. 6 In humans, deficits in olfactory discrimination are generally associated with impairment, exposure to a sequence of novel odors should improve a patient's ability to retrace the route of a displacement, as well as to draw or 'map' this route. Novel odor exposure should also improve radial optic flow discrimination, which is an important component of the human path integration system. [16] [17] [18] Similarly, in normal human subjects, olfactory deprivation produced by exposure to synthetic air should cause a decrease in navigational performance, in mapping ability, and in radial optic flow discrimination that is reversed by introduction of novel odors. A similar approach may prove useful in determining whether abnormally high or low levels of olfactory activation contribute to other cognitive disorders that involve cross modal 'gating' of sensory information.
and visuoperceptual measures), as well as pathological changes in regions of the brain associated with such decline. 15 Thus, navigational impairment in patients with MCI and early-AD appears to be caused by a specific effect on navigational circuits in the brain. 15 The striking parallel between the failure of young pigeons to utilize non-olfactory path integration cues when deprived of olfactory stimulation, and the occurrence of deficits in olfactory discrimination, radial optic flow discrimination, and navigational ability in early AD, suggests the diminished navigational ability in AD patients may be a direct result of the loss of olfactory activation. Specifically, a deficit in olfactory discrimination 20 that results in an inability to distinguish between familiar and unfamiliar odors may prevent the activation of path integration circuits necessary for accurate navigation. Persistence of this olfactory deficit could result in permanent damage due to the loss of activitydependent incorporation of new neurons necessary to maintain these circuits. 20, 21 Importantly, olfactory activation of path integration systems may not require recognition or subjective assessment 22 of individual odors, but only classification of odors as familiar vs. unfamiliar/novel (or 'home' vs. 'non-home'). Consequently, olfactory activation may involve neural pathways and/or processing mechanisms that are to some degree independent of those involved in other forms of olfactory discrimination. Conversely, a deficit in the ability to recognize, categorize, or identify individual odors need not be associated with navigational impairment. The possibility that a separate olfactory subsystem is responsible for the activation of navigation circuits further complicates the already difficult task of determining whether AD-related pathologies in different regions of the brain are functionally related, or simply a reflection of progression of the disease on multiple fronts. 20 We suggest that an important first step in determining whether an olfactory activation deficit contributes to navigational impairment in early-AD would be to carry out 'novel odor sequence' experiments with human subjects, similar to those with pigeons. 3 In early-AD patients showing moderate levels of navigational several forms of dementia and are among the first clinical signs of Alzheimer disease (AD). 7, 8 Also deficits in olfactory discrimination are common in subjects with genetic risk factors for AD. [9] [10] [11] In fact, loss of olfactory discrimination, with little or no change in olfactory detection thresholds, often precedes more generalized cognitive decline. 7, 12 Consistent with the observed olfactory impairment, the olfactory bulb and regions of the neocortex that receive olfactory projections are typically among the earliest sites to show the characteristic neuropathological changes associated with AD (i.e., plaques and neurofibrillary tangles). 13 Interestingly, mouse models of AD that overexpress human tau protein, found in high concentrations in neurofibrillary tangles, exhibit a time course and distribution of neuropathological changes similar to the early stages of human AD, 12 and exhibit deficits in olfactory discrimination that are manifest as a failure to distinguish familiar from unfamiliar (i.e., novel) odors. 14 The link between olfactory dysfunction and AD is interesting in the present context because roughly half of patients in the earliest stages of AD and patients at risk for AD with mild cognitive impairment (MCI), exhibit a specific navigational impairment, i.e., subjects perform poorly when asked to retrace the route of a simple displacement or to draw or map this route, but show no decrease in the ability to recognize landmarks they have encountered along the route. 15 Navigational impairment in early AD patients is also associated with loss of ability to discriminate radial optic flow cues, which are necessary for precise determination of heading direction (socalled "motion blindness"). [16] [17] [18] Motion blindness has been linked to the loss of neurons in the right medial superior temporal cortex (MST), where integration of radial optic flow and inertial cues necessary for path integration occurs. 16 More generally, deficits in navigational ability found in many patients with MCI and early AD are associated with neural atrophy throughout the right-lateralized human navigation network (hippocampus, entorhinal cortex and posterior parietal cortex), 8, 15, 19 and are independent of other measures of generalized cognitive decline (e.g., two-dimensional spatial
